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ABSTRACT 


The  activation  energy  for  the  mss  transport  of  aluminum 
fey  exchange  with  conducting  electrons  has  been  obtained 

temperature,  current  density,  fils  structure 
to  conductor  life  are  presented.  The  conductor 
is  shortened  if  themsX  gradients,  current  density  gradients 

?oid  formation  at  a  eoajpositional 
leave  silicon  and  enter  aluminum  has  been 
studied,  Ms©,  It  is  shown  that  hillocks  and  whiskers 
22  form  at  aXisMnum-  silicon  interfaces  when  electrons  leave 
|hd  eater  silicon*  Etch  pit  growth  into  silicon  at  silicon- 
iUia  doUt^eth  carrying  high  current  densities  where  electrons 
th§  Silichh  and  enter  aluminum  have  bees  qualitatively  studied, 
eSfcCtes&f  sr&Chshiisis  leading  to  the  formation  of  these  etch  pits 
'atdt  (t)  t%jk  •diHSotutieii  of  silicon  into  aluminum  to  reach  near 

cud  (2)  the  transport  of  the  dissolved  silicon  ions  down 
the;’aiugd«#  and  away  from  the  interface  by  momentum  exchange  with 
cfeadijbetiUg  ''electrons,  A  microscopic  study  of  aluminum  wires  contain- 
in|  i“porccnt  silicon  is  presented  showing  gross  structural  changes 
then  etrhpeed  at  elevated  current  densities.  Silicon  is  also  shown 
to  ho  transported  down  the  wires  in  the  direction  o£  electron  flow. 
'Equations  relating  the  rhte  of  penetration  of  aluminum  into  silicon 
diea&de  to  temperature  are  presented.  This  reaction  is  shown  to  be 
unimportant  as  a  failure  mode  at  normal  device  operating  temperatures 
-of  280®C  ©fed  below. 
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Sis  potential  failure  modes  involving  aluminum  as  the 
metallisation  material  for  semiconductor  devices  have  been  in¬ 
vestigated  in  an  attempt  fco  obtain  a  better  understanding  of  the 
processes  involved  and  to  obtain  equations  which  relate  device 
failure  to  known  physical  parameters.  This  information  should 
enable  the  construction  of  reliable  devices  with  predictable 
lifetimes /^The  processes  which  have  been  investigated  are: 

(1) '  The  Mass  Transport  of  Aluminum  by  Momentum  Exchange 

with  Conducting  Electrons. 

(2)  The  Mass  Transport  of  Aluminum  at  Aluminum- Silicon 
Contacts. 

(3)  Etch  Pit  Growth  in  Silicon  due  to  the  Mass  Transport 
of  Silicon  through  Aluminum  by  Momentum  Exchange 
with  Conducting  Electrons. 

(4)  A  Microscopic  Study  of  Aluminum- 1-percent  Silicon 
Wire  Failure. 

(5)  The  Reaction  Between  Aluminum  and  Silicon  Dioxide. 

(6)  The  Dissolution  of  Silicon  into  Aluminum. 

The  first  of  these  becomes  an  important  failure  mode 
commonly  found  in  high  power  devices  and  integrated  circuits  where 
aluminum  conductors  carry  current  densities  in  excess  of  10  amperes 
per  square  centimeter  at  temperatures  above  100 °C.  The  mode  of 
failure  is  an  open  circuit  caused  by  the  movement  of  aluminum  ions 
in  the  direction  of  electron  flow.  This  failure  mods  is  enhanced 
when  a  thermal  gradient,  a  current  gradient  or  a  compositional 
gradient  exists  in  the  conductor.  The  effect  of  a  compositional 
gradient  when  electrons  flow  from  silicon  into  aluminum  or  from 
aluminum  into  silicon  is  the  subject  of  the  second  study. 


The  third  subject  deals  with  the  growth  of  etch  pits  into 
silicon  afc  high  current  density  sillcoa-alusainum  contacts  where 
electrons  leave  the  silicon  and  enter, the  aluminum  conductor.  The 
etch  pits  form  by  the  dissolution  of  silicon  into  aluminum  and  the 
transport  of  silicon  amj  from  the  interface  by  ©omentum  exchange 
between  ceMucting  electrons  and  the  dissolved  silicon.  The  failure 
mode  itf  the  growth  of  an  ©teh  pit  through  a  shallow  Junction  resulting 
in  &  shorted  junction. 

fhotosicrographs  of  aluminum- 1-  percent  silicon  wires  which 
have  been  stressed  at  elevated  temperature,  and  current  densities 
are  presented.  The  dissolved  silicon  Is  seen  to  be  transported 
through  fctsa  aluminum  in  the  direction  of  electron  flow. 

Aluminum  reacts  with  silicon  dioxide  to  reduce  it  to  silicon 
at  elevated  temperatures.  Aluminum  can  penetrate  through  thin  films 
of  SlOg  by  itoafcs  of  this  reaction  and  could  result  in  device  failure 
By  an  electrical  short.  This  reaction  was  the  subject  of  the  fifth 
study. 

The  last  subject  presented  was  an  attempt  to  determine  the 
solid- solubility  curve  for  the  dissolution  of  pure  silicon  into  pure 
aluminum.  Etch  pita  can  form  by  this  process  in  silicon  at  silicon 
aluminum  interfaces  when  the  couple  is  heated.  The  best  data  avail¬ 
able  was  obtained  with  impure  materials  in  1928  and  should  be  updated. 

Most  of  the  effort  of  this  15-month  program  was  devoted  to 
subjects  (1)  and  (5)  which  resulted  in  the  generation  of  equations 
which  enable  the  prediction  of  failure  by  these  processes.  The  other 
subjects  studied  resulted  in  a  qualitative  understanding  of  the  pro¬ 
cesses  involved.  No  results  were  obtained  in  the  last  subject  studied 
due  to  experimental  difficulties. 


A  failure  moda  eosssonly  found  in  high  poorer  -devices  and 
integrated  circuits  appears  when  aluminum  conductors  carry  current 
densities  in  excess  of  10^  amperes  per  square  centimeter  at  tempera¬ 
tures  above  1G0°C.  Use  mode  of  failure  is  an  open  circuit  caused  by 
the  movement  of  aluminum  ions  .in  the  direction  of  electron  flow* 
Voids  in  the  metal,  resulting  from  this  process,  tend  to  grow  in  a 
direction  normal  to  the  current  flow*  The  effect  is  an  accumulative 
one  increasing  the  local  current  density  in  the  region  of  the  void, 
thus  accelerating  the  process.  The  end  result  is  a  void  extending 
entirely  across  the  film  interrupting  the  current  flow.  This  fre¬ 
quently  occurs  in  emitter  stripes  where  the  stripe  thickness  is 
reduced  as  it  extends  over  a  step  in  the  glass  surface.  Under  the 
step  at  this  point  there  generally  exists  a  junction  in  the  silicon 
which  dissipates  power,  thus  aggravating  the  situation  by  increasing 
the  local  temperature. 

Figure  l(a)  shows  a  photomicrograph  of  a  1/2-mil-wide 
aluminum  stripe  after  it  had  been  stressed  at  a  current  density 
of  1.5  x  10®  A/cm2  at  190°C.  Voids  are  shown  growing  at  the  edges 
and  in  the  center  of  the  film.  Also  nodules  and  crystallites  of 
aluminum  grow  (out  of  focus)  from  the  film  appearing  as  dark  areas. 
One  void  has  extended  nearly  half  way  across  the  conducting  stripe. 
Aluminum  ions  are  transported  away  from  certain  crystallites  and 
cluster  at  other  sites  growing  well  defined  crystals  or  nondescript 
nodules.  Nodule  or  crystal  growth  appears  downstream  in  terms  of 


3 


electron  flow  is  cm  wide.  The  voids  md  growth 
uniformly  distributed  over  the  length  of  the 
the  entire  stripe  is  at  as  elevated  temperature 
no  gradients  in  current  density  or  film  composition 


region#  are  rather 
or  stripe  when 
tttaea  that©  are 


surface  reordering  and  a  large 
roughly  la  the  plane  of  the 
one  edge  of  the  film  near 


Figure  1(b)  shows 
crystalline  whisker  of  altsaimsa 
film,  A  large  void  also  appears 
the  center  of  the  picture. 


Figure  2 (a)  is  a  photomicrograph  of  a  current  stressed 
large  grained  aluminum  film  showing  the  characteristic  angular  void 
formation  as  well  m  a  large  whisk ar  growing  slightly  out  of  the 
plane  of  focus  of  the  picture.  The  heavy  dark  spots  are  also  hillocks 
out  of  focus.  This  film  ms  stressed  at  a  current  density  of  1.2  x 
106  A/era^  at  a  film  temperature  of  1S6°G  for  47  hours. 


A  view  of  a  similarly  stressed  film  at  lower 
is  shown  In  Figure  2(b)  where  several  whiskers  appear, 
has  twinned  and  then  retwinned  to  grow  again  in  its 


One  of  these 
original  direction. 


Professor  Huntington  and  co-workers  at  the  Renaselaer 
Polytechnic  Institute  have  studied  the  current  induced  motion  of 
surface  scratches  on  bulk  metals.  £1*2*3)  xhey  have  generally 


£^R,  V.  Penney,  "Current -Induced  Hass  Transport  in  Aluminum," 

J*  Phya.  Cbt^.  Solids.  1904,  Vol.  25,  pp.  334-335. 

(2) 

H.  B.  Huntington  and  A.  R.  Grace ,  "Current*  Induced  Marker  Hot  ion 
in  Gold  Wires."  J.  Phys,  Chen.  Solids.  1961,  Vol.  2$,  G os.  1/2. 
?g  g7 
(3) 

A.  R.  Grona,  "Current -Induced  Marker  Motion  in  Copper,  "J.  Ph 
Chon,  Solids ,  1961,  Hos.  1/2,  pp.  88-93. 
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concluded  that  safest  ions  which  are  thermally  "activated”  (lifted, 
out  of  the  potential  well  ass  Eclated  with  the  setal  crystal  t&ztie 
arid  free  to  isov®  hack  into  their  original  potential  well -or  into 
Other  potential  wells  associated  with  the  crystal  or  ueij^oriog 
crystals)  are  acted  m  by  two  opposing  forces  la  an  ©iestrloally 
conducting  metal; 

(a)  Site  electric  field  applied  to  the  conductor  wilt 
exert  a  force  on  the  activated  ion  in  the  direction  opposite  to 
electron  flow. 

(h)  The  rate  of  momentum  exchange  between  the  conducting 
electrons  colliding  with  the  activated  metal  ions  will  exert  a  force 
On  the  metal  ion  in  the  direction  of  electron  flow. 

The  ion  drifts,  then,  in  the  direction  of  the  predominating 
force  which  at  moderate  temperatures  for  the  metals  investigated  is 
in  the  direction’ of  electron  flow.  Metal  ions  are  observed  to  travel 
toward  the  positive  end  of  the  conductor  while  vacancies  move  toward 
the  negative  end.  Scratch  marks  on  bulk  metal  behave  as  vacancies 
and  are*  therefore,  observed  to  move  along  the  surface  of  the  con¬ 
ductor’  in  the  direction  of  the  negative  terminal. 

The  activation  energy  for  the  velocity  of  scratch  motion 
in  the  bulk  materials  observed  by  the  Rensselaer  Polytechnic  Insti¬ 
tute  Group  was  the  same  as  the  activation  energy  for  the  lattice 
self-diffusion  of  the  metals.  The  velocity  of  scratch  motion  was 
also  concluded  to  be  a  direct  function  of  current  density;  however 
only  a  small  variation  in  current  density  was  reported  in  their 
experissenta. 
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'Cp&at  csd  Chcsrles  K.  Sllcktcr,  "D&cleax  Ecl4saf;ica  i& 
Z&MLMM?'7*  Vol.  1X3*  £29.  6*  pp.  1462-1472, 

■  ■  10*- 

^*\u-  A-  Cbipcv*  “iiativatlca  Ptrccesccs  In  Solid  $bfcalfl  ccd  Alloys 
'®hh%d  MmflA  ltd**  g»«  61*  1$$4« 

^3azk  Haoo*  "fssa  fosssatl on  cad  Katlca  iszgz$i$®  of  Vnecaclca  In 
i&aMntm**1  Ilia  1M1  ijgsggfM*  M.  15*  fb.  135*  pp.  Ill, 


For  typical  man  free  path  lengths  cm  Hie  order  of 
5  x  iSf^  cm  Hi©  cam  msrgy  of  Hhe  aXcefcrca  at  a  current  density 
Of  106  hfisz?  la  sXtuaiassa  is  only  L3a  10*^  electron  volts. 

&  *  fi$t 

-  {2.7  at  HdT®  dtsa  cm) 

|l#  A/ca^}  {  5  x  10“^cn) 

-  1,3  x  IQ*4  ©y 

this  is  ssssll  cospared  fee  Hie  activation  energy  retired  for  die 
£elJ:r*diffasie»  of  altssinissi  la  aluminum  of  1.4  *  0.1  eF.  Hie 
electron  energy  is  also  small  cazgsxed  to  the  activation  energy 
for  vacancy  fozmtlcn  in  aXtEsIraga  of  0.5  to  1  e¥. 

the  electron  energy  picked  up  by  falling  through  the 
field  is  also  $&all  compared  to  the  average  energy  due  to  thermal 
agitation  at  200*€  of  4  x  ICT^  ef. 

Hie  electric  field  imposes  only  a  slight  drift  velocity 
to  Hie  electrons  in  Hie  catal  in  the  direction  of  electron  flow. 
This  additional  energy  is  cot  sufficient  to  lift  the  cstal  ions 
out  of  the  crystalline  lattice  hit  cm  Iszpart  upon  collision  with 
a  thercally  activated  ism  ccmeatssa  cans  leg  ionic  drift  in  the 
direction  of  electron  flow. 

If  die  net  force  on  the  activated  ion  (total  Eossatuai 
transferred  per  sec.)  directed  toward  She  positive  electrode  by 
Goseafcua  exchange  with  electrons  exceeds  the  force  an  the  Ion  due 
to  the  electric  field,  the  aluaiesa  icn  will  tend  to  drift  toward 


the  positive  electrode.  If,  however,  the  force  on  the  ion  due  to 
the  electric  field  exceeds  that  due  to  electron- ion  momentum  ex¬ 
change  rate,  the  ion  will  tend  to  drift  toward  the  negative 
electrode. 

If  the  electrons  at  zero  field  are  considered  to  have  an 
entirely  random  motion,  a rA  again  a  random  motion  after  being  accel¬ 
erated  and  colliding  with  ions  with  nearly  elastic  collisions  (the 
electron  energy  picked  uf  from  the  field  and  delivered  to  the  ions 
is  small  compared  to  the  average  thermal  energy)  the  electrons 
impart  all  of  their  momentum  to  the  ions.  The  rate  of  reaction 
which  takes  pl_.ee  In  the  migration  of  aluminum  by  momentum  transfer 
between  thermally  activated  ions  and  the  electrons  should  then  be 
a  function  of  the  number  of  activated  ions  or  "targets'1  available 
per  co^,  the  number  of  electrons  per  second  available  for  striking 
the  activated  ions  and  the  momentum  of  these  electrons.  This  may 
be  expressed  as: 

R  »  F  (electron  momentum)  (number  of  electrons  striking 

a  unit  volume  per  second) 
(effective  target  cross  section) 

(aluminum  activated  ion  density)  (1) 

there  R  is  the  reaction  rate  and  F  is  a  constant. 

The  additional  momentum  P  picked  up  by  an  electron  falling 
through  an  electric  field  a  distance  of  its  mena-free-path  t,  with 
an  average  velocity  v,  is 

P  *  cE  ~  «*  epJ  —  «  oEt  »  epJr  (2) 

The  average  velocity  v  is  determined  mainly  by  the  thermal 
velocity,  v,p  and  is  perturbed  only  slightly  by  the  drift  velocity, 
v^.  t  is  the  mean- free- time  between  collisions,  e  is  the  charge  on 
an  electron,  p  is  the  volume  resistivity  and  J  the  current  density 


The  arrival  rate  N  of  electrons  which  have1 been  accelerated 
by  the  electric  field  E  is  related  to  J  by 

N  «  ov.  ®  ~  (3) 

a  e 

where  n  is  the.  electron  density. 

One  may  consider  the  number  of  activated  ions  per  cubic 
centimeter  in  the  metal  to  follow  the  Arrhenius  equation  as  a 
function  of  temperature .  Thus, 

activated  aluminum  ion  density  **  e  Ff  (4) 

where  0  «  the  activation  energy  in  electron  volts 
k  «  Boltsssnn's  constant  8.62  x  10“**  eV/°K 
T  «  film  temperature  in  degrees  Kelvin. 

The  iaaan~time~to- failure  in  hours  (MIF) 
rate  of  mass  transfer  by 

F2 

R  "  HTT 

where  F2  is  a  function  of  the  film  geometry. 

Equation  (1)  may  be  rewritten  by  substituting  Equations 
C2),  (3),  (4),  and  (5)  as 

fjjf  -  I'(epJ  |)  (~)  (0)  (Fx  e  "  $?>  (6) 

-  F(p  i  a  J2)  (Fj  e  KF) 


is  related  to 

(5) 


where  0  «  ionic  scattering  cross  section.  The  first  term  on  the 
right-hand  side  of  this  last  equation  is  the  force  acting  between 
conducting  electrons  and  the  ions  while  the  second  term  expresses 


»■  i  & 


of  the  activated  ions  as  a  function  of  temperature, 
da  feeglestg  the  opposing  force  due  to  the  electric  field, 
aiidn  of  the  constants 


constant  k  embodies  several  physical  properites 


‘C#  ,  'the  voids©  resistivity  of  the  metal 
(h)  the  electron  free  time  between  collisions  or  the 
ath;  and  average  velocity 

Col  the  effective  ionic  scattering  cross  section  for 


Cd)  the  frequency  factor  for  self-diffusion  of  aluminum 


(b)  a  flits  geometric  factor  relating  rate  of 
with  wesn~ti&a«fco -failure. 


thld 


fX£££S& 


ihqsc  readers  who  are  interested  in  further  reading  on 
St  are  referred  to  V.  B.  Ficks  ^  who  developed  an 
i  for  the  fore®  between  conducting  electrons  and  ions  lo  be 


FC£  «  cEsatff  (8) 

la  the  derivation  of  this  equation  the  effects  of  the 
drift  velocity  ware  included  into  a  momentum  distribution  function 
fi&$  tixa  ignored.  Rewriting  equation  (6)  using  alternate  terms  pre¬ 
sented  in  equations  (2)  and  (3)  one  obtains 


0.  Fieks,  0a  the  Eaclsanisa  of  tfeo  Mobility  of  Ions  in  Metals, 


Solid  Vol.  1,  Eb.  1,  pp.  14,  (1959). 
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(9) 


*  F  (eE  --)  (n  vd)  (a)  (Fx  e  "  If) 

-  F  <eE at®  (F-  e  '  If) 

where  the  force  term  differs  from  equation  (8)  by  the  ratio  vd/vfc. 

From  Equation  (7)  it  would  be  expected  that  a  plot  of 

In  —J; — „  vs  — would  be  a  negative  straight  line  if  the  factors 
HTF  T*K 

which  contribute  to  A  are  slowly  varying  functions  of  T.  The  activa¬ 
tion  energy  derived  from  the  slops  of  this  line  would  also  be  expected 
to  be  less  than  1.4  eV  reported  for  bulk  aluminum  due  to  the  large 
surface - to  * volume  ratio  of  the  films  and  the  generally  a  nail  crystalline 
size  of  condensed  aluminum  films.  The  activation  energy  determined  ex¬ 
perimentally  from  the  mean- time- to- failure  data  should  serve  as  a 
quality  figure  relating  to  the  degree  of  perfection  of  evaporated 
films. 

2.1.2  Small  Crystallite  Aluminum  Filins  Experiment 

An  experiment  was  designed  to  determine  the  values  of  0  and 

A  for  highly  polycrystalline  aluminum  films.  These  were  deposited  in 

a  high  vacuum  at  the  low  10  Tore  pressure  range  by  the  evaporation 

of  99.999  percent  aluminum  from  tungsten  filaments  on  a  cold  (<100°C) 

substrate.  The  crystallite^lateral  size  was  about  1.2  microns.  The 

substrate  consists  of  9000  A  of  Si02  on  silicon  wafers.  The  films 

were  etched  to  form  conductor  paths  54  x  0.5  mil  x  7000  A,  and  brazed 

into  TO-5  headers.  These  were  wire-bonded  using  0.001- inch  diameter 

aluminum  wire,  and  a  can  was  welded  to  the  header  encapsulating  the 

film  in  a  dry  nitrogen  ambient.  Each  cell  consisted  of  10  devices 

from  which  the  mean- time- to- failure  was  determined.  The  current 

6  2 

density  varied  from  0.5  to  2.88  x  10  A/cm  and  the  mean- time- to- 
f allure  ranged  from  1.5  to  850  hours. 
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Table  I  presents  the  experimental  failure  data  obtained 
'for  these  films. 


TABLE  1 

TEST  MTA  FOR  SHALL  CRYSTALLITE  ALUMINUM  FIIH3 


!  Film 

Bi 

T 

<°c) 

HI 

MTF 

(Hours) 

1014 

■'  M  : 

■  7460 

0.56 

0.5 

177 

2.22 

480 

0.83 

wmVm 

70'SO-  ' 

0.50 

1.21 

186 

2.18 

47 

1.45 

CD 

:  • 

;  0.50 

1.5 

195 

2.135 

19.5 

2.28 

mo 

0.56 

2.82 

238 

1.96 

3.5 

3.70 

;  AS  ' 

;  7400 

0.56 

0.5 

192 

2.15 

250 

1.60 

<  m  • 

7050 

0.50 

1.22 

200 

2.11 

38 

1.80 

;•  6b  ; 

;  7000 

0.50 

1.5 

212 

2.06 

8 

5.55 

K9 

6800 

0.56 

2.88 

260 

1.87 

1.5 

8.03 

-.m  ; 

7060 

0.50 

0.987 

109 

2.62 

850 

0.121 

. CA  : 

7000 

0.50 

1.46 

121 

2.54 

268 

0.175 

; '  :T&;  ‘ 

6800 

0.56 

2.05 

134 

2.48 

183 

0.130 

The  film  temperature  was  determined  by  the  oven  temperature 
plus  the  rice  in  temperature  due  to  film  power  dissipation.  For  the 
TO"5  header,  a  thermal  impedance  of  190 °C  per  watt  was  employed. 


A  plot  of 


t 


In 


vs 


KTF  r 


L. 

°K 


is  presented  in  Figure  3.  Except  for  two  maverick  points  where  the 
r m  data  on  failure  rate  was  difficult  to  evaluate,  a  straight  line 
fits  the  data  quite  well.  For  these  data  the  current  density  varied 


than  5  to  1 
scale.  The 


temperature  varied  1.4  to  1  on  the 
representing  this  line  is 


1  *  2.28  3s  1<T9 


-(0,43/kT) 


(10) 


*.  The  activation  easier  of  0.48  eV  is  34  percent  of  that 
reported  for  the  setf-iif fusion  of  aluminum  in  aluminum  of  1.4  aV. 

2.1.3'  '  -targe  .Crystallite  Aluminum  film  Experiment 


1st  hesii  gathered  oh  the  life  of  wall  ordered  aluminum 

.  *  t  '* 

containing  large  crystallites.  Hie  films  were  de - 

.  ^  i  *  ^  Q 

from  :tisngst#n  filaments-  in  the  low  10  Torr  region  using 
source  material  which  was  99.999  percent  pure.  The  large 

approximately  8  microas  lateral  geometry)  were  obtained 
the  sufostrata^tejsperature  at  4G0°C  during  the  deposition, 
thiokheff  6000  A  and  the  line  width  was  in  excess  of  0,6 
mils.  The  cells  wefe  stressed  at  current  densities  ranging  from  0.55 

*  *  ,'jti  , 

to  2.02  &  10  A/cm  and  the  mean- time- to-failures  ranged  from  12  to 
1123  hours.  The  data  for  this  film  structure  is  presented  In  Table 
II  and  plotted,  in  Figure  4.  The  formula  relating  current  density  and 
tfea^erhturh  to  mean-time-to-failure  is 


1 


5.18  x  10"6  e-«>.84/kT) 


(11) 


The  increase  in  activation  energy  to  0.84  eV  for  this 
failure  mode  for  the  large  crystallite  well  ordered  films  over  the 
activation  energy  of  fine  grained  aluminum  films  is  attributed  to 
the  reduction  of  grain  boundaries  with  their  associated  high  self- 
diffusion  coefficient. 
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;  0.6 

5l0 

5.45 

193  j 

2.145 

1.27 

270 

2.30 

183  i 

2.18 

1.106 

254 

3.22 

183  ! 

2.18 

1.95 

20.3 

12.9 

220 

2.03 

1.15 

180 

4.21 

205 

2.09 

1.37 

63 

8.45 

206 

2.0S5 

1*97 

12 

21.6 

230 

1.99 

0.548 

1125 

2.96 

177 

2.22 

2.02 

53 

4.63 

184 

2.19 

1.31 

840 

0.695 

155 

2.34 

■■■■■■■■■■ 

lass  Fi 

A  further  increase  in  activatiou  energy  for  mass  transport 
s%mM  fee  obtained  by  the  elimination  of  surface  diffusion  which  is 
a  factor  for  thin  films  possessing  a  high  surface-to- 

volssa  ratio.  By  the  reduction  of  both  grain  boundary  and  surface 
diffusion  it  was  predicted  that  the  activation  energy  should  approach 
that  for  seif “diffusion  of  aluminum  through  the  crystal  lattice  of 
1.4  ©¥. 

Barge  crystallite  aluminum  films  were  prepared  with  an 
overcoat  of  silica  glass  deposited  by  the  vapor  plating  technique 
to  a  thickness  of  7,000  A  in  an  attempt  to  reduce  surface  diffusion. 
The co  aluminum  films  were  12,200  A  thick  and  possessed  a  width  of 
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1.46  mils.  The  current  density  for  the  cells  varied  from  0.46  tc 
0.908  x  10  A/cm  and  the  mean- time- to-failure  ranged  from  335  to 
a  predicted  16,000  hoars.  This  experiment  was  terminated  with 
three  of  the  six  cells  exhibiting  greater  than  50  percent  failures 
(3900  hours) 

Tables  III  and  IV  present  the  data  for  the  failed  films 
and  the  predicted  lifetime  based  upon  Poisson's  distribution  of 
those  films  tdsich  have  been  aged  but  have  not  reached  the  50  per¬ 
cent  failure  time. 

TABLE  III 


GLASSED  LARGE  CRYSTAL  ALUMINUM  PERFORMANCE 


Film 

Thickness 

'  Film 
Width 
(mils) 

jxio:6 

A/cnr 

MTF 

Hours 

1015 

7m? 

103 

12,200 

1.46 

0.908 

1700 

0.713  c 

212 

2.06 

12,200 

1.46 

0.860 

1060 

1.28 

221 

2.02 

12,200 

1.43 

0.870 

395 

3.33 

246 

1.93 

TABLE  I V 

GLASSED  LARGE  CRYSTAL  ALUMINUM  PREDICTED  PERFORMANCE 


Film 

Thick* 

ness 

(1) 

Film 

Width 

(mils) 

JxlO"6 

(A/cm2p) 

Esti¬ 

mated 

MTF 

Hours 

1015 

Film 

Temp. 

°C 

103 

*TT 

-  . 

No. 

of 

Fail¬ 

ures 

J2^ 

12,200 

0.777 

nifl 

0.306 

203 

2.10 

7 

3900 

12,200 

mm  3 

0.702 

0.170 

189 

2.16 

2 

2530 

12,200 

1.46 

0.460 

liii 

0.295 

200 

2.11 

El 

1 

2333 
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Figure  5  presents  this  data.  The  formula  relating  current 
density  and  film  temperature  to  the  mean- time- to- failure  for  well 
ordered  glassed  aluminum  films'  is 

-wJ-r-r  *  1.88  X  10~3  e-(l-2/kT)  &2> 

jr  taf 

The  activation  energy  of  1.2  e7  for  these  thick,  wide,  well 
ordered  and  glassed  films  approaches  the  predicted  maximum  activation 
energy  of  1.4  eV  tiiich  is  the  activation  energy  for  self-diffusion  of 
slumiaufa  in  hulk  aluMtms,  The  increase  in  activation  energy  for 
these  filsts  over  well  ordered  nonglassed  films  reported,  on  in  the 
previous  section  is  attributed  to  the  reduction  in  surface  diffusion 
dud  to  die  overlaying  glass  film  Also,  because  of  its  increased 
thickness,  these  films  ate  probably  better  ordered  than  were  the 
thinner  rbhgtasoed  films,  tending  to  enhance  die  activation  energy. 

2.1.5  Mi^Ssfryn  Film  Lifetime  as  a  Function  of  Conductor  Stripe 

Ctftg&rSafetldnai.  Area 


The  simple  theory,  as  presented  in  Equation  7  of  section  2.1, 
expressed  the  relationship  between  the  mean- time- to- failure  of  a  group 
of  conductors  to  current  density,  temperature  and  the  degree  of  order 
of  the  deposited  film.  The  activation  energy  d>  varies  with  the  degree 
of  fils  crystalline  order  ranging  from  near  0.5  eV  for  highly  poly- 
crystdllino  films  to  a  theoretical  maximum  of  1.4  eV  for  well-ordered 
largo-grained  bulk  aluminum. 

The  preesponeatial  constant  MA”  was  shown  to  contain  a 
factor  which  relates  the  lifetime  of  the  film  to  the  cross-sectional 
area  of  the  conductor  stripe.  Since  for  a  given  rate  of  transport 
or  void  growth,  the  greater  the  film  cross-sectional  area,  the  longer 
it  should  take  to  cause  a  void  to  grow  across  the  conductor  resulting 
in  an  open  circuit. 
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To  include  the  effect  of  Hue  geometry  in  the  above 

equation,  two  life  test  experiments  were  initiated.  In  the  first 

experiment  the  line  thickness  was  maintained  near  700C  A  but  the 

line  width  was  caused  to  vary  from  0.45  to  1.98  mils.  For  the 

second  experiment  the  line  width  was  maintained  constant  at  0.5 

mil  while  conductor  stripe  thickness  was  varied  from  1,921  A  to 
6 

12,540  A.  Aluminum,  99.999  percent  pure,  was  evaporated  from 
tungsten  filaments  at  the  low  10  Torr  pressure  onto  oxidized 
silicon  substrates  heated  to  420°C.  Large-grained  well-ordered 
crystallites  were  formed  hy  this  process.  Conductor  stripes  were 
then  etched  into  these  films  which  were  then  placed  under  current 
density  and  temperature  stress . 

t 

Table  V  presents  the  data  obtained  on  devices  of  variable 
line  widths  with  11  different  cells  which  were  placed  under  lifetime 
test  at  elevated  current  density  and  temperature  stress.  The  last 
column,  in  the  table  XistJ  the  calculated  mean-time-to-failure  utilizing 
th$  formula  presented  in  Equation  11  of  section  2.1.3  for  the  lifetime 
of  nonglaseed  large-grained  aluminum  films  normalized  to  the  cross- 
sectional  area  of  those  films.  Equation  11  was  derived  for  6036  A 
thick,  films  possessing  an  average  line  width  of  0.63  mil.  The  pre- 
exp^neniial  constant,  when  normalized  to  the  average  cro9s-sectlonal 
area  of  the  film  (9.65  x  10"®  cm^),  becomes 

5. 1.8  x  10‘6  x  9.65  x  10’8  -  5  x  10“13  (13) 


The  resultant  new  formula  which  accounts  for  the  conductor  cross- 
sectional  area  is  therefore : 


5  x  10“ 13 
B 


exp 


(-0.84/kT) 


(14) 


where  B  is  the  conductor  cross-sectional  area  expressed  as  cm 
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Film 

Thick¬ 


ness 

.0. 


7540 

7540 

7540 

7540 

7265 

7265 

7265 

7125 

7125 

7125 

7125 


TABLE  V 

TEST  DATA  FOR  LARGE  CRYSTAL  ALUMJKUM 
FILM  CONDUCTORS  OF  VARIABLE  LIKE  WIDTHS 


Film 

Width 

(mils) 


Film  Cross- 
sectional 
Area 


JxlO 


(cm2  x  108) 


(A/cm2) 


■IS 

■SIB 

ms 


1.87 

0.46 

0.93 

1.42 

0.54 

1.00 

1.47 

1.98 


8.62 

18.0 

26.8 

35.9 

8.42 

17.1 

26.2 
9.75 

18.1 

26.6 

36.8 


1.85 

1.42 

1.48 

1.51 

1.48 

1.42 

1.39 

1.51 

1.57 

0.93 


T 

(°C) 

IQ3 

T(°K) 

167 

2.275 

170 

2.26 

190 

2.16 

230 

1.98 

205 

2.09 

219 

2.035 

231 

1.985 

196 

2.135 

210 

2.07 

198 

2.12 

210 

2.07 

HTF 

(hours) 


The  formula  for  large-grained  aluminum  can  be  rewritten  to 


(w)(t)  ero  (0.84/kT) 

VxlO^J2 


where  MTF 
w 
t 


F  -  mean-time-to-failure  in  hours 
w  ••  conductor  width  in  cm 
t  »  conductor  thickness  in  cm 
k  «  Boltzmann's  constant  (8.62  x  10"5  eV/atom/°K) 

J  »  current  density  in  amperes  per  square  centimeter 
T  ••  absolute  temperature  of  the  conductor 
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conductor  boundary  become  important  in  determining  the  resistivity 
for  film  thicknesses  less  than  the  electron  meaa-free-pafchs.  This 
fore- shortening  of  the  electron  me&n-free-path,  hoover*  .does  hot 
affect  the  rate  of  mass  transport  of  the  aluminum.  The  Scgsmerfield 
theory  indicates  that  P  and  l  are  inversely  related  to  one  another*  ^ 
Thus,  by  inspection  of  the  momentum  formula  presented  in  Equation  (2) 
it  is  seen  that  as  l  decreases,  and  p  increases,  the  momentum  picked 
up  by  the  electron  remains  constant  for  a  given  metal  at  a  given 
current  density. 

2.1.6  Summary  of  the  Mass  Transport  of  Aluminum  by  Momentum 
Exchange  with  Conducting  Electrons  in  the  Absence  of 
Material  Gradients.  Temperature  Gradients  or  Current 
Density  Gradients 

In  the  proceeding  sections  a  simple  theory  has  been 
generated  and  experiments  described  to  illicidate  the  transport 
of  aluminum  ions  in  aluminum  film  conductors  under  current  density 
and  temperature  stress.  In  this  section  this  information  is  sum¬ 
marised  and  presented  in  a  fashion  u.  'ful  to  device  design  engineers. 

An  equation  based  upon  simple  theory  was  derived  in  Section 
2.1.1  Equation  (7),  relating  the  mean -time- to- failure  for  aluminum 
film  conductors  to  current  density,  tcm»  „aturcf  an  activation  energy 
and  a  constant  embodying  several  physical  properties.  The  activation 
energy  has  been  experimentally  determined  to  be  a  function  of  the 
degree  of  order  of  the  aluminum  film  varying  from  0,5  ©V  for  fine 
grained  films  to  0.8  cV  for  well  ordered  films  and  to  1.2  eV  for 
well  ordered  glassed  aluminum  films.  (Sections  2.1.2,  2,1.3,  and 
2.1.4.)  It  was  also  determined  in  Section  2.1.5  that  the  value  for 
the  preexponential  constant  in  Equation  (7)  varied  in  a  linear 
manner  with  the  conductor  film  cross-sectional  area. 


^E.  H.  SomSicimsr,  ”The  Mean  Free  Path  of  Electrons  in  Metals,” 
Advances  in  Fhynica.  Vol.l,  Ik).  1.  Jan.  1952. 
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tha  data  for  t ho  experiments  described  in 
.$&&&&&  2,\,%z  md  2.X, 4  to  account  for  the  film  croas- 

scstteaX  area*  only  the  preexponetitial  constants  are  changed  to 
gMs  msplting  forsasXas: 


-$m%%  €r§^£AXM'to  Fite,  (a  1.2  *4)  ■ 

®  2*43  s  X0  ^  (0.48/kT) 

'dr^iSS1  ' 


£&  &i) 


(16) 


(17) 


(18) 


'i&XZS  w  $hd  t  nr©  tba  conductor  width  and  thickness  expressed  in 

p#  ttetera. 

Figusro  0  presents  these  equations  as  an  Arrhenius  plot. 
’4rfjBhs?sA*  these  intersect  at  a  temperature  near  275®C.  At  this 
temperature  end  cbeva,  lattice  diffusion  effects  are  predominant 
etfcir  esrfese  «srl  grain  boundary  diffusion;  thus  structural  effects 
ars'ust  tsportcmt  in  that  tc^rsrature  rsr^s.  At  temperatures  lower 
thrn  2J5eC,  ftcrever,  orders  of  magnitude  improvement  in  lifetime 
C£3  Is©  obtained  through  the  uso  of  ordered  large-grainsd  films 
ajEd  r.;  ill- ordered  large -grained  glassed  films. 
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Aa  alternate  £&m  for  Equations  <16),  (17),  and  (18) 
useful  ia  design  wrk  is  given  feeler. 

SsaXI  Cteystftl  Files  (1.2  microns) 

IUf  *  (i9) 

z.m  *  x$"iS  j* 


tags  Crystal  Film  <8  microns) 


'l%saa  equations  are  plotted  in  Figures  10,  11,  and  12 

w*7  2 

uoieg.  t&t  product  w  t  to  be  10  car.  This  value  is  equal  to  a 
0.5  mil  by  7,580  A  thick  film  and  is  typical  of  conductor  stripes 
for  integrated  circuits.  Since  tbs  lifetime  is  directly  propor¬ 
tional  to  j&3  film  cross-sectional  area,  the  life  of  films  possess¬ 
ing /Other  cross  sections  can  be  quickly  determined  from  these  plots. 

2.2'  '  K£8S  mflSP03X  OF  ALTOUKCM  AT  ALGDTO1M- SILICON  (ffffEACTS 

In  Section  2.1  the  failure  of  aluminum  conductors  stressed 
at  hl^s  current  densities  and  temperatures  was  discussed  when  the 
conductor  experienced  no  temperature,  current  density  or  compositional 
gradients.  In  general,  accelerated  failure  rates  are  anticipated  in 
conductors  which  contain  a  compositional,  a  thermal  or  a  current 
density  gradient.  Use  failure  mode  is  a  void  which  rapidly  grow3 
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across  th©  alusioua  fils  downstream  (in  tersa  of  electron  flow) 
frost  a  positive  thermal,  positive  currant  density  or  positive 
diffusion  coeffieiont  gradient.  (The  sign  of  the  gradient  is 
taken  to  be  positive  when  the  quantity  increases  in  the  direction 
of  electron  flow;  see  Figure  13.)  Vacancies,  which  migrate  toward 
the  negative  end  of  the  conductor,  cluster  at  these  regions  to  fora 
voids.  The  clustering  is  accelerated  due  to  the  reduced  mobility 
of  the  vacancies  when  entering  regions  of  lower  temperature,  lower 
current  density  or  of  lower  diffusion  coefficient. 

For  similar  reasons  whiskers  and  hillocks  of  aluminum 
grow  upstream  (in  terms  of  electron  flow)  from  negative  thermal, 
negative  current  density  or  negative  diffusion  coefficient  gra¬ 
dients.  In  these  regions  aluminum  ions  which  migrate  in  the 
direction  of  electron  flow  are  caused  to  cluster  at  certain  cry¬ 
stalline  defects  and  crystallite  sites  to  form  whiskers  and  non¬ 
descript  extruded-appearing  mounds  of  aluminum.  Clustering 
upstream  from  a  gradient  is  caused  by  the  reduction  in  ionic 
mobility  due  to  the  negative  thermal  gradient,  the  negative 
current  density  gradient  or  a  negative  diffusion  coefficient 
gradient.  The  diffusion  coefficient  gradient  may  result  from  a 
compositional  gradient. 

To  qualitatively  study  the  effect  that  a  compositional 
gradient  has  on  the  failure  of  aluminum  conductors,  diffused 
silicon  resistors  contacted  by  aluminum  were  stressed  at  elevated 
temperatures  and  current  densities. 

Figures  14a  and  14b  present  photomicrographs  (600X)  of 
two  sets  of  three  diffused  resistors  contacted  by  aluminum  and  aged 

C  J 

at  235  °C  at  an  aluminum  stripe  current  density  of  1.3  x  l(r  A/cm  . 
The  throe  contacts  near  the  center  of  the  figures  are  the  negative 


L 


COfJDUCTQrJ  LEfJOTH  o 
ELECTRON  FLOS?  — * 

Figure  13.  Definition  of  Gradients 
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Figure  14.  A1  Contacts  to  Si  Diffused  Resistors 
After  Aging  at  J  »  1,3  x  10^  A/cm^ 
at  235°C  for  230  Hours 


38 


terminals  and  all  exhibit  aluminum  whisker  and  naduie  growth  at 
the  silicon- aluisimaa  contacts.  Hais  is  explained  by  the  transport 
of  aluminum  ions  to  these  contacts  by  momentum  exchange  between 
thermally  activated  ions  and  conducting  electrons.  At  the  aillcoa- 
aluminum  interface  the  aluminum  ions  accumulate  to  form  nodules  and 
whiskers  since  they  are  prevented  from  traveling  further  by  the 
silicon  with  its  low  solid  solubility  for  aluminum. 

The  failure  mode  appears  only  at  the  positive  terminals 
where  it  is  seen  from  the  photomicrographs  of  Figure  14  that  a 
degradation  of  the  aluminum  has  occurred  as  observed  by  a  darken¬ 
ing  of  the  aluminum  and  voids  extending  across  some  of  the  con¬ 
ductor  stripes  resulting  in  open  circuits.  Aluminum  is  transported 
away  from  the  contact  area  by  momentum  exchange  with  conducting 
electrons.  Since  at  this  interface  there  are  no  further  aluminum 
ions  available  upstream  (from  the  silicon)  to  fill  in  vacancies 
created  by  the  departing  aluminum  ions,  the  vacancies  rapidly 
cluster  to  form  a  void  which  eventually  grows  across  the  stripe, 
resulting  in  an  open  circuit. 

A  second  set  of  diffused  resistors  contacted  by  aluminum 
films  were  aged  at  236 °C  at  an  aluminum  stripe  current  density  of 
1.3  x  105  A/cm2.  The  polarity  of  these  samples  were  reversed  from 
those  discussed  above.  As  seen  in  Figure  15a  and  15b,  hillocks  and 
whiskers  of  aluminum  grow  near  the  negative  terminals  while  voids 
and  depletion  of  the  aluminum  occur  near  the  positive  contacts  to 
the  diffused  silicon  resistors.  By  comparison  with  Figure  14,  it 
is  seen  that  the  formation  of  hillocks  or  voids  at  the  contacts  is 
determined  by  the  direction  of  electron  flow.  This  also  serves  as 
a  further  proof  that  the  transport  of  aluminum  is  in  the  direction 
of  electron  flow. 
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Another  effect  of  aluminum  metal  transport  ms  observed 
la  this  investigation.  Th©  aluminum  bonding  wires  mm  reeved 
from  the  sables  to  enable  the  uae  of  high  magnification  -objective 
leases  during  their  inspection,  (fee  of  the  negative  banding  wires 
was  apparently  attached  to  the  aluminum  film  bonding  pad  only  over 
a  small  contact  area.  The  current  density  in  the  film  at  the 
periphery  of  this  small  contact  was  sufficiently  high  to  cause  a 
depletion  of  the  aluminum  in  the  film.  The  photomicrograph  of 
Figure  16  shows  the  depletion  of  the  aluminum  film  under  the 
bonding  pad  as  a  darkened  region.  This  is  an  excellent  example  of 
void  growth  at  a  current  density  gradient. 

Three  diffused  silicon  resistors  contacted  by  aluminum 
plus  3-percent  silicon  conductors  were  aged  for  140  hours  at  an 
aluminum  current  density  of  1.3  x  1GJ  A/cm  and  235 °C»  The  samples 
were  similar  to  those  described  in  the  above  paragraphs  and  contain 
steep  built-in  compositional  gradients  at  the  silicon-aluminum 
interfaces.  An  optical  micrograph  of  the  diffused  resistors  is 
presented  in  Figure  17.  Whiskers  and  hillocks  of  aluminum  grow 
at  the  negative  terminals  to  the  silicon  while  depletion. of  the 
aluminum  takes  place  near  the  positive  contacts  to  silicon. 

Scanning  electron  s&crographs  were  made  of  this  sample. 
Figure  18  shows  the  region  near  contact  No.  1  of  resistor  No.  1  as 
identified  in  the  previous  figure.  Hillocks  grow  near  this  negative 
contact  and  one  whisker  0.066  mil  in  diameter  is  observed. 

Figure  19  is  a  view  of  the  positive  contacts  No.  2  and 
No.  3  to  resistors  1  and  2.  The  holes  through  the  glass  layer 
enabling  contact  to  be  made  to  these  resistors  are  0.50  x  0.33  mil. 
Saver©  depletion  of  the  aluminum  from  the  glass  surface  near  these 
contacts  is  observed  as  a  darkened  region. 
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RESISTOR  I  -  TERMINALS  I  a  2 
•»  2  ~  TERMINALS  2&S  ' 

«  3  -  TERMINALS  3  &  4 

Figure  17.  Optical  Micrograph  of  Diffused  Silicon 
Resistor  Network 
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An  overall  view  of  the  negative  contacts  (4  and  5)  is 
presented  in  Figure  20  showing  extensive  whisker  and  nodular  growth 
near  these  contacts.  One  whisker  has  grown  greater  than  5.5  mils 
long  and  obviously  could  be  a  source  of  failure  by  electrically 
shorting  to  other  conductors.  An  enlarged  view  of  a  negative  con¬ 
tact  area  to  a  silicon  diffused  resistor  is  shown  in  Figure  21. 

The  hillocks  appear  to  be  extruded  aluminum  while  the  whiskers  are 
probably  formed  by  aluminum  ions  condensing  at  screw  dislocations. 

The  diameter  of  the  5. 5 -mil  long  whisker  measures  0.05  mil  (1.25 
microns). 

Aluminum  films  which  have  been  stressed  in  the  absence 
of  temperature  gradients,  current  density  gradients  or  compositional 
gradients  fora  voids  or  hillocks  uniformly  distributed  along  the 
conductor  length.  In  the  presence  of  such  gradients,  however,  voids 
grow  rapidly  at  positive  gradients  and  hillocks  at  negative  gradients. 
A  qualitative  description  of  these  is  given  above.  Due  to  lack  of 
time,  a  quantitative  study  of  the  effect  of  these  gradients  on 
failure  was  not  possible  and  is  recommended  as  a  subject  for  future 
study. 

2.3  ETCH  PIT  GROWTH  IN  SILICON  DUE  TO  THE  MASS  TRANSPORT 

OF  SILICON  THROUGH  ALUMINUM  BY  MOMENTUM  EXCHANGE  WITH 
CONDUCTING  ELECTRONS 

A  failure  mode  associated  with  aluminum- silicon  contacts 
is  the  growth  of  etch  pits  into  silicon  at  the  positive  terminals 
during  high  current  density  and  temperature  stress.  To  show  this 
effect,  the  aluminum  conductor  pattern  was  etched  from  the  silicon 
diffused  resistor  samples  described  in  Figures  17  through  21  of 
Section  2.2.  "B"  etch  was  used  for  3, hours  at  room  temperature  to 
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Figure  20.  Scanning  Electron  Micrograph  of  Aluminum 
Hillock  and  Whisker  Growth  Near  Negative 
Terminals  to  Diffused  Resistors *  One 
whisker  is  nearly  5*5  mils  long! 


Figure  21. 


_  „  of  Hillock  sad  Whisker 

Structure  Hear  negative  Contacts  to 
Diffused  Silicon  KesiSfcorg 


remove  the  aluminum  3-percent  silicon  conductor  metal, 

"B°  Etch  fotmla:  2  parte  of  volume,  distilled  water 

X  part  nitric  acid 
X  part  acetic  sc id 

1  £6  parts  phosphoric  acid 

A  scanning  electron  beam  photomicrograph  of  the  three  positive 
contacts  to  the  three  resistors  is  shows  in  Figure  22,  All 
contact  areas  exhibit  rectangular  of  square  etch  pits  into  the 
<1@0>  oriented  silicon,  M  enlarged  view  Of  the  center  positive 
contact  is  presented  in  Figure  23.  This  is  the  positive  contact 
from  terminal  Ho.  2  on  resistor  Ho,  2  as  identified  in  Figure  17. 
Some  material  is  also  seen  to  fee  on  fop  of  the  silicon  surface  and 
is  probably  silicon  which  me  initially  deposited  as  a  3-percent 
alloy  with  the  aluminum  conductor. 

The  etch  pit  formation  is  due  to: 

(a)  Solid  state  dissolution  of  silicon  into  aluminum 
to  saturate  the  aluminum  at  its  operating  tempera¬ 
ture. 

(fe)  Transport  of  the  dissolved  silicon  away  from  the 
interface  by  momentum  exchange  between  thermally 
activated  silicon  ions  and  conducting  electrons 
enabling  further  solid  state  dissolution  of  silicon 
into  the  aluminum. 

At  235 °C,  about  0.003  weight  percent  of  silicon  can  exist 
In  solid  solution  with  the  aluminum.  The  silicon  from  the  substrate 
at  both  positive  and  negative  terminals  dissolves  into  the  aluminum 
to  satisfy  this  solubility  limit.  The  activation  energy  for  the 
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Figure  22,  Positive  Silicon  Connect:  Areas  Alter 
Aging  and  Removal  of  Alt isdsurn  Showing 
Etch  Pits  in  <X0£>  Oriented  Silicon 
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diffusion  of  silicon  late  alimdmsa  {estimated  to  Isa  about  0*95  ev)^ 
i$  t&tosx-  ton  that  of  aluminum  la  jalasiissia  {1,4  elf).  It  Is  expected 
toff*.  tbs  silicon  la  solid  solution  Is  readily  activated  and  at 
jphs£iiyd  tsM2|a1.,  is  -ssrept  m&f  from  the  interface  fey  Has  force 
«*£  to  £»tfe  p£  mmtiim  exchange  hstm&m  to  activated  silicon 
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bS  ere  hot  formed-  In  to  negative  silicon  contact 
silicon  sdtich  seas  initially  dissolved  into  the 
storitatotod  et  Shis  interface  fey  means  of  the 
shanisa  preventing  further  dissolution  of  silicon 
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lit  should  be  pointed  out  that  the  mass  transport 
of  silicon  In  aluminum  can  lead  to  the  etching  of  .aluminum 
into  silicon.  Muminum  conductors  supported  on  silicon  and  carrying 
high  current  densities  parallel  to  the  silicon-aluminum  _ interims©  ££?.s 
transport  dissolved  silicon  away  from  the  silicon-aluminum  interface 
and  deposit  it  at  supersaturated  regions  of  the  conductor  as  silicon 
crystallites.  The  process  can  continue  forming  etch  pits  into  the 
-silicon  and  crystallites  of  silicon  distributed  throughout  the 
aluminum.  Such  an  effect  was  recently  described  but  not  explained 
%  <CL.  B.  ■  Oliver.. 

In  the  above  dissuasion  a  qualitative  description  of  the 
etch  pit  formation  into  silicon  at  positive  aluminum-silicon  /contacts 
carrying  'high  current  densities  at  elevated  temperatures  has  been 
presented.  ’Due  to  lack  of  time,  a  quantitative  determination  of  the  . 
etch  pit  growth  rate  as  a  function  of  current  density  and  temperature 
has  not  been  possible  and  is  a  subject  recommended  for  future  study. 

2A  mm  .paibure 

'During  the  experimental  evaluation  of  large-Tarsa-crystallite , 
thick  aluminum  films  coated  With  a  7JQ00  1  thick  layer  of  /glass,,,  it  was 
observed  that  two  cells  of  devices  failed  due  to  bonding  wire  failure 
irather  than  due  to  film  failure.  The  films  under  stress  were  thick 
'(12^000  A)  and  wide  fl.43  tails)  Which  due  to  their  large  eroas- 
aeet&onal  area  required  currents  in  excess  of  O.f  ampere  to  reach 
film  current  densities  near  1.2  million  amperes  per  square  centimeter. 
The  bonding  -wires  were  1  frill  diameter  aluiriinum,  1  percent  silicon  and 
the  test  was  carried  out  using  dc  current  in  an  oven  set  at  140 1C. 

«C.  B.  'Oliver,,  '"Degradation  of  Evaporated  Aluminum  Contacts  on 
Silicon  ’Planar  Transistors,  *'  Sixth  Annual  Reliability  Physics 
Synposfum  Proceedings.,  11.  2Q9-215.,  IEEE  Catalog  No,.  7-15C58 
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Table  VII  presents  the  test  conditions  for  these  wires 
along  with  their  mean- time- to- failure.  It  is  estimated  that  the 
wire  temperature  exceeded  400°C  during  this  test. 


TABLE  VII 
WIRE  FAILURE  BATA 


Figures  2S  a M.  27  show  photomicrographs  of  the  wires 
absorbed  after  life  tasting.  The  life  tests  took  place  in  her¬ 
metically  Sealed  units  In  a  nitrogen  ambient.  The  magnification 
is  3G0X. 

Figure  20  shows  a  typical  "bamboo*1  structure  of  the  wire 
Wiih  grain  boundaries  running  across  the  wire  diameter.  The  su  fface 
ia  restructured  Showing  nodular  growth  which  appears  quite  fre¬ 
quently,  but  not  necessarily,  at  grain  boundaries.  There  is  a  single 
crystal  section  of  the  Wire  near  the  center  of  this  micrograph  which 
Is  darker  than  others.  This  crystallite  appears  to  be  coated  with  a 
gray  metallic  material  * 


Figure  27  shows  a  somewhat  kinked  section  of  wire  with  a 
small  crystallite  growing  out  of  the  surface  of  the  wire  near  the 
center  of  the  photograph. 
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Figure  28  is  a  micrograph  of  a  badly  kinked  section  of 
wire  which  appears  £o  have  first  recrystallised  to  fom  a  “bamboo" 
like  structure  and  then  melted  at  the  grain  boundaries  enabling  the 
wire  to  relieve  any  bending  or  compressioaal  stress.  The  straight 
sections  are  single  crystals  of  aluminum.  Nodules  often  appear  at 
the  grain  boundaries. 

Scanning  electron  beam  micrographs  have  also  been  obtained 
of  a  similar  wire  failure  and  are  presented  in  the  following: 

Figure  29  shows  a  view  of  the  negative  lead  which  had  burned  out 
near  the  bonding  post  and  remained  bonded  to  the  aluminum  stripe. 

The  dark  circular  object  in  the  background  is  a  gleets  seal  for  the 
negative  bonding  post  of  the  TO-5  header.  It  is  seen  that  the 
aluminum  has  "bambooed"  in  that  single  crystals  have  grown  suffi¬ 
ciently  large  to  extend  across  the  entire  wire  diameter.  A  spherical 
object  appears  near  the  break  and  appears  to  have  been  molten  at  one 
time.  During  aging  of  this  sample,  the  electron  flow  was  down  the 
wire  to  the  aluminum  thin  film. 

Figure  30  shows  an  enlarged  view  of  one  of  the  grain 
boundaries  (the  second  grain  boundary  above  the  "knee").  Ridges 
are  observed  to  have  formed  in  the  wire  surface.  The  crystal 
grain  boundary  extends  across  the  wire  cross  section. 

Figure  31  presents  a  view  of  the  ,,kirik"  or  "knee"  in  the 
wire  as  observed  in  Figure  29.  Again,  ridges  appear  on  the  surface 
of  the  wire  extending  across  grain  boundaries. 

Figure  32  shows  a  view  of  the  thermocompression  bond 
between  the  aluminum- l-percent- silicon  wire  and  a  large-grained 
aluminum  thin  film,  vacuum  deposited  on  a  silicon  dioxide  surface. 

An  enlarged  view  of  the  crystallites  which  grow  out  of  the  surface 
of  the  wire  is  shown  in  Figure  33.  By  sectioning  and  evaluating 
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Sigista  23,  Kicked  Wire  with  Modules 


60 


Figure  29,  Aluminum-l-Percent-Silicon  Beading  Wire  After 
1,$  x  10**  A/esa^  Stress  in  s  140®C  Oven  for  900 


30.  Aluminum-  1-Percent-Silicon  Wire  After  Stress  Showing 
&  Grain  Boundary  Extending  Across  the  Wire  Diameter 
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similar  cyrstaHites  by  optical  microscopy,,  it  -has  been  determined 
that  the  crystallites  are  considerably  harder  than  alumicnm  and 
ttian  atched  appear  to  be  silicon.  It  is  concluded  that  the  crys¬ 
tallites  are  all  icon  which  has  been  transported  down  the  aluminum- 
1 -percent -silicon  wire  by  momentum  exchange  with  conducting  electrons, 
A  portion  of  the  silicon  dissolves  into  the  aluminum  to  form  a  solid 
solution  of  silicon  In  elminma,  las  diffusion  ccefficifint  of  silicon 
in  al^mduum  is  jester  than  the  self -diffusion  coefficient  of  niim- 
silicon  is,  therefore,  transported  more  readily  down  .the  aluminum  wire 
by  this  mechanism  than  is  aluminum,  ¥nen  the  silicon  Ions  reach  the 
beat  sink  and  cooler  die  supporting  She  aluminum  film,  she  rate  of 
■tmzmpstrt  of  the  silicon  decreases,  resulting  In  a  super -saturated 
condition  causing  the  silicon  crystals  to  precipitate  out  of  solution, 

Use  observations  made  in  this  scanning  electron  beam 
microscopie  invesfigatioh  confirm  observations  made  in  Section  2,3 
that  silicon  does  dissolve  into  aluminum  and  is  capable  of  mass 
transport  throujh  the  aluminum  by  momentum  exchange  between  thermally 
aetiwted  silicon  ions  and  conducting  electrons, 

2,5  mmsm  sebm  mm  m>  micos  dioxide 


Hhe  free  energy  change  in  the  reaction 
M  +  SIO2  +  Bi 

is  -150  kilocalories  per  mole  at  5Q0*C  indicating  that  the  reaction 
will  proceed,  Ihe  reaction  Is  used  extensively  by  the  semiconductor 

o 

industry  to  make  ohmic  contacts  to  silicon  through  the  20  to  30  A 
thick  SiOg  films  which  naturally  form  over  silicon  at  room  tempera¬ 
ture,  l‘o  obtain  processing  design  data  enabling  the  silicon  device 
engineer  to  choose  time  and  temperatures  for  making  ohmic  contacts 
through  the  thin  silica  layers  as  well  as  to  determine  what  role 
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this  reaction  may  play  in  the  degradation  of  the  reliability  of 
devices  operated  below  200°CJ  an  experiment  was  designed  to  deter¬ 
mine  both  the  activation  energy  for  this  reaction  and  an  equation 
relating  .the  depth  of  penetration  into  the  silica  as  a  function  of 
time  and  temperature.. 

large  crystallite  well-ordered  aluminum  films  were 
deposited  onto  9600  A  thick  thermally  grown  Si02  cm  silicon  wafers. 

The  deposition  was  made  in  a  vacuum  in  the  lew  ICH®  Torr  region 
using  99.399  percent  aluminum  evaporated  from  tungbten  filaments.. 

The  substrate  tenperature  was  maintained  at  475'eC  during  the  de¬ 
position  to  promote  the  formation  of  well-ordered  large -grained 
films .  The  aluminum  film  thickness  ranged  between  3400  and 
4600  A.  A  conductor  stripe  pattern  was  then  etched  into  the 
aluminum  providing  conductor  widths  of  0.5,  1,  1.5  and  2  mils 
wide  by  54  anils  long. 

Each  wafer  with  the  aluminum  stripe  pattern  was  broken 
into  several  pieces..  The  pieces  from  one  wafer  were  placed  into 
a  furnace  for  aging  for  different  times  at  a  fixed  temperature 
under  a  nitrogen  airfoient.  X^e  furnace  temperature  varied  +3°C 
over  the  muffle  region  in  tfhleh  the  pieces  were  placed. 

The  depth  of  the  reaction  into  the  aluminum  ms  determined 
by  first  exposing  the  region  through  the  aluminum  film  and  into  the 
glass  by  shallow  angle  lapping  of  the  structure  as  shown  in  Figure  34. 
The  remaining  glass  thickness  was  determined  by  light  interference 
patterns.  The  depth  of  penetration  of  the  reaction  was  then  readily 
determined  from  this  information  and  from  knowledge  of  the  initial 
glass  thickness^ 


Figure  35  presents  photomicrographs  ef  the  angle  lapped 
specimens  aged  ac  523 SC,  indicating  how  the  depth  of  p mv&mtimi  of 
the  reaction  was  observed.  In  these  views,  the  silicon  base  is  to 
the  left  and  appears  to  be  finely  scratched  by  the  angle  lapping 
process.  Interference  patterns  due  to  white  l*§ht  are  observed 
running  through  the  glass  wedge  and  parallel  to  the  glass  silicon 
interface.  The  interaction  region  appears  dark  and  is  seen  to 
penetrate  further  into  the  glass  m  the  aging  time  increases.  It 
is  also  seen  time  under  certain  areas  of  the  alumitiuss  little  re¬ 
action  has  taken  place  and  is  due  to  the  formation  of  locally 
continuous  layers  of  A^Og  which  prevent  further  reaction. 


Figure  36  presents  a  plot  of  the  depth  of  penetration  of 

the  reaction  into  the  glass  as  a  function  of  time  for  samples  held 

at  543°,  533°,  523s,  513®,  503®,  463s,  and  421°C.  From  the  slopes 

of  these  experimental  lines  the  rates  of  penetration  of  the  reaction 

into  glass  were  determined  in  angstroms  per  minute  and  are  listed 

in  Table  VIII.  An  Arrhenius  plot  of  this  data  showing  a  In  R  vs  -l^r  is 

given  in  Figure  37  from  which  the  equation  that  describes  the  rate 

of  reaction  was  determined  to  be:  R  =  3.18  x  10^  exp  -(2.562/kT) 

-5 

where  R  is  expressed  as  angstroms  per  minute  and  k  is  8.617  x  10 
eV/cK/atom. 


TABLE  VIII 


RATE  OF  ALUMINUM  PENETRATION  INTO  S<02 


Temperature 

(°c) 

1 

Rate 

(A/min) 

543 

1.225 

49.0 

533 

1.241 

27.8 

523 

1.256 

19.7 

513 

1.272 

11.8 

503 

1.289 

8.33 

463 

1.359 

1.02 

421 

1.441 

0.076 
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Figure  38  presents  an  extrapolation  of  the  data  to  Xossrer 
temperatures  and  is  valid  only  if  the  reaction  o hays  the  above  de¬ 
rived  formula  at  the  lower  temperatures.  It  is  sees  from  this 
figure  that  at  340 *C  the  penetration  rate  is  1.9  x  10"^  A/tain  wMc£ 

O 

is  the  rate  required  t©  penetrate  1000  A  of  glass  in  10  year s.  it 
is  also  seen  that  this  md&  of  failure  is  not  a  significant  on®  at 
the  operating  fces^serafcure  range  of  semiconductor  devices  below 
200°C. 


BXSSGXUTXOM  OF  SILICON  IUT0  AUJMMM 


Due  to  the  solid  solubility  of  silicon  into  aluminum,  the 
latter  can  act  as  an  etchant  for  silicon  at  relatively  low  tempera¬ 
tures  where  the  process  takes  place  by  solid  state  diffusion.  The 
etching  of  silicon  by  aluminum,  like  other  etches,  is  not  uniform 
and  preferentially  attacks  crystalline  defects  to  fora  etch  pits. 
These  etch  pits  can  traverse  through  shallow  p-n  junctions  causing 
failure  by  an  electrical  short. 


The  region  of  solid  solubility  is  indicated  in  the 
metallurgical  phase  diagram  of  this  system  presented  by  Hansen 
shown  in  Figure  39,  The  region  of  interest  is  enlarged  in  the 
insert  which  shows  the  solubility  to  fall  off  from  a  maxteam  at 
577  ®€  to  near  zero  at  below  300 ®C. 


The  amount  of  silicon  removed  by  dissolution  into  aluminum 
at  a  given  temperature  is  determined  by  the  solid  solubility  and  the 
amount  of  aluminum  available.  The  data  given  by  Hansen  for  the 
solubility  curve  which  he  considered  to  be  most  accurate  was  generated 
by  Dix  and  Heath in  1928  using  micrographic  area  analysis.  The 
materials  used  by  these  investigators  were: 


ao>M 

Hansen,  Constitution  of  Binary  Alloys.  2nd  Edition,  McGraw-Hill 
Book  (kjs^any7^Kc77*T^5^  "™ 

H.  Bix  and  A.  C,  Heath,  Trans,  A.  X.M.E. .  78,  1928,  164-194. 
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ait  sjss  therefore  designed  fas  npd&te  this  data 
*£  Mgli  purity-  The  method  chosen  sms  to 
parent  of  silicon  dissolved  into  alamlmaa 
deposited  onto  silicon* 


£vNr 


|2|  ^ialglsed  to  13  ai&crograsas 
C3|'  coated  ssith  vacuum  deposited  M  {93.9997°) 
bss  both  sides 

C4|-  ii'algpiei  to  |3  s&erograras 
01  heat  treated 

iff)  efcchtd  to  remove  M  tdhh  dissolved  Si 
0)  weighed  to  16  micrograms- 

*2233  a&sthod*  hosever,  proved  to  be  inaccurate  due  to 
c^dhtlcn  effects  of  the  ii  and  Si  during  heat  treatment  and  seas 
hbhnddhad.  It  is  recommended  that  the  establishment  of  the  solid - 
solubility  carve  of  silicon  into  aluminum  employing  pure  .materials 
be  the  subject  of  a  future  study- 
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where 


MTF  *  maan-time-to-failure  in  hours 

J  »  current  density  in  amperes  per  square  centimeter 
k  »  8.62  x  10"5  eV/atcm/°K 
T  *  film  temperature  in  degrees  Kelvin 
A  «  constant 

0  *  activation  energy  in  electron  volts 
w  *  film  width  in  cm 
t  “  fils  thickness  in  cm. 

The  activation  energy  for  thin  failure  mode  has  been 
determined  for  highly  polycrystalline,  well-ordered  large  crystalline 
and  glassed  well-ordered  large  crystalline  films.  The  activation 
energy  is  identical  to  that  for  the  lattice  self-diffusion  of 
aluminum  in  aluminum  modified  by  factors  involving  both  surface 
diffusion  and  grain  boundary  diffusion.  These  latter  two  factors 
can  be  important  in  films  formed  by  the  condensation  of  aluminum 
vapor. 


large-grained  well-ordered  aluminum  films  overcoated  by 
a  layer  of  deposited  glass  exhibit  values  of 
0  i.2  eV 

and  A  -  8.5  x  10'10 

large-grained  (about  8-micron  lateral  dimension)  well- 
ordered  aluminum  films  are  characterized  by 
0  *  0.84  eV 
and  A  »  5  x  10”^"® 

Small  crystallite  (about  1.2-micron  lateral  dimensions) 
show  values  of 

0  *  0.48  eV 
and  A  -  2.43  x  10"16 
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At  film  temperatures  of  275°C  and  above,  the  physical 
structure  of  the  aluminum  film  is  not  an  important  factor  in 
determining  lifetime  since  in  that  temperature  range  all  film 
structures  follow  the  formula  which  expresses  the  lifetime  for 
well-ordered  and  glassed  films.  This  is  because  at  275°G  and 
above,  aluminum  diffusion  through  the  crystal  lattice  predominates 
over  grain  boundary  diffusion  and  surface  diffusion. 

At  temperatures  below  275°C  the  film  structure  becomes 
important  in  determining  conductor  lifetime.  At  100°C  nearly 
three  orders  of  magnitude  improvement  in  lifetime  can  be  achieved 
through  the  use  of  well-ordered  glassed  films  in  place  of  h’ghly 
polycrystalline  nonglassed  films. 

Due  to  inaccuracies  in  film  temperature  measurement 
and  to  the  small  cell  size  of  these  experiments  an  accurate 
experimental  determination  of  the  power  for  J  cannot  be 
obtained  even  though  the  value  of  J  has  been  varied  over  a 
range  in  excess  of  5:1.  A  statistical  analysis  of  the  data, 
however,  indicates  that  the  exponent  of  J  is  definitely  not 
unity  and  exceeds  the  value  of  two  by  only  a  small  amount. 

At  this  time  the  exponent  value  of  2  for  J  appears  to  be  valid 
but  further  work  is  required  to  substantiate  this. 

3.2  mSS  TRANSPORT  OF  AUMEKUH  AT  ALPMIklM-SHICCK?  CONTACTS 

Temperature  gradient*.,  current  density  gradients  and 
compositional  gradients  can  establish  locations  within  the  con¬ 
ductor  where  vacancies  can  rapidly  cluster  to  fora  a  void  and 
thus  degrade  the  lifetime  as  predicted  by  the  equations  discussed 
in  Section  3.1.  Voids  form  at  positive  gradients  while  aluminum 


hillocks  and  whiskers  grow  at  negative  gradients  (in  terms  of 
electron  flow).  Whiskers  could  be  a  cause  of  failure  if  they  grew 
sufficiently  long  to  short  to  nearby  conductors. 


More  time  is  required  to  establish  formulas  whiih  predict 
lifetime  of  aluminum  conductors  which  contain  such  gradients  when 
stressed  at  high  current  densities  and  temperatures.  It  is  rec~ 
easaended  that  this  be  the  subject  of  further  study. 

3.3  ETCH  PIT  FORMATION  IK  SILICON  DUE  TO  THE  MASS  TRANSPORT 

OF  Silicon  THROUGH  ALUMINUM  BY  MOMEMTOM  EXCHANGE  WITH 

ttWIlfWWMntO^OlWWWIMMHWWW— BMW— MWWW—ttMl— — mi  III  I  I  II  nmmw  Wllill  J  I  n.’iaiM'iraaant* 

C03DUCTIKG  ELECTROIiS 

It  has  been  shown  that  etch  pits  grow  in  silicon  at  high 
current  density  ail Icon- aluminum  contacts  where  electrons  leave  the 
silicon  and  enter  the.  aluminum.  This  is  due  to 

(1)  Solid  state  diffusion  of  silicon  into  aluminum 
to  saturation  at  the  contact  temperature. 

(2)  Transport  of  the  dissolved  silicon  away  from  the 
silicon-aluminum  interface  by  momentum  exchange 
between  thermally  activated  silicon  and  conducting 
electrons  to  permit  further  dissolution  of  silicon 
into  the  aluminum. 

Etch  pits  form  in  the  silicon  by  this  means  only  at  those 
contacts  where  the  dissolved  silicon  Is  swept  away  from  the  junction 
and  t  hr  crash  the  aluminum  by  the  "electron  wind."  Thus,  etch  pits  do 
not  grow  by  this  method  at  aluminum- silicon  contacts  where  the 
electrons  enter  the  silicon  since  the  "electron  wind"  maintains 
saturation  conditions  by  keeping  the  dissolved  silicon  in  the 
vicinity  of  the  interface. 


Tima  was  not  availably  to  dsfcermine  the  rate  of  etch  pit 
growth  normal  to  the  surface  as  a  function  of  current  density  and 
temperature.  It  Is  recommended  that  this  study  be  made  In  the  near 
future  since  it  is  a  potential  failure  mode  for  shallow  junction 
devices. 

3  •  4  MICROSCOPIC  INVESTIGATION  OF  AnmMfH-l-PgBCENT-SILXCOH 

miiimihji  unajiLmwiwffwiwi  anmiiiwiotwMWMt—  »  >— CMMaw  1— »M— »  wj  i.iirv«.wn<w  nm^M— amiimwimii 

WISE  FAILURE 

Micrographs  have  been  presented  showing  gross  structural 
change  leading  to  wire  failure  of  1-rail  diameter  aluminum  bonding 
wires  containing  1-percent  silicon  when  stressed  at  elevated  tem¬ 
peratures  and  current  densities.  It  was  also  shown  that  silicon 
i®  transported  through  such  wires  in  the  direction  of  electron 
flow, 

3.5  REACTION  BETWEEN  ALUMINUM  AMD  SILICON  DIOXIDE 

An  equation  which  describes  the  rate  of  aluminum  transport 
Into  silicon  dioxide  by  reduction  of  the  silicon  dioxide  to  silicon 
has  been  determined  to  be: 

R  «  3.18  x  IQ17  exp  -  (2.562/kT) 

where  R  *  rate  of  penetration  into  S102  in  angstroms  per  minute 
k  «  8.62  x  i0”“*  eV/atom/°K 

T  »  temperature  of  the  couple  in  degrees  Kelvin. 

At  operating  temperatures  of  200°C  this  reaction  rate  is  insignificant 
and  therefore  is  not  a  failure  mode  at  that  temperature.  During  pro¬ 
cessing,  however,  at  elevated  temperatures  this  reaction  could  be  a 
precurser  to  a  failure  mode.  The  high  activation  energy  for  this 
reaction  of  2.562  eV  makes  the  reaction  rate  most  sensitive  to 
temperature. 
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3.6 


DISSOLUTION  OF  SILICON  INTO  ALUMINUM 


A  method  chosen  to  establish  the  solid-solubility  curve 
for  pure  silicon  into  pure  alisaimsm  failed  to  be  sufficiently 
accurate.  It  is  recommended  that  additional  effort  be  placed  on 
this  project  since  the  best  currently  available  data  ms  obtained 
with  noiipurc  materials  in  1923.  If  is  an  important  factor  in  the 
formation  of  etch  pits  into  silicon  at  silicon-aliroimaa  interfaces 
wtten  those  interfaces  are  subjected  to  elevated  temperatures  and 
could  be  a  source  of  failure  for  shallow  junction  devices. 
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1«.  TRONfrORiMC  MILITARY  ACTIVITY 


Hone  Air  Development  Center  (EffiStP) 
Criffiss  Air  Force  Base,  Bow  York  13W>9 


The  activation  energy  ter  this  mass  transport  of  alintimss  by  momentum  exchange 
with  conducting  electrons  h855«3*®  obtained  and  equations  relating  temperature, 
current  density,  film  structure,  and  film  geometry  to  conductor  life  are  presented. 
The  conductor  lifetime  is  shortened  if  thermal  gradients,  current  density  gradients, 
or  compositional  gradients  exist.  Void  formation  at  a  compositional  gradient  where 
electrons  leave  silicon  and  eater  aluminum  has  been  qualitatively  studied.  Also,  it 
is^shoxra  that  that  hillocks  and  whiskers  of  alualnua  form  at  aluminum-silicon  inter¬ 
faces  when  electrons  leave  aluainum  and  enter  silicon.  Etch  pit  growth  into  silicon 
at  eilicca-aluatnum  contacts  carrying  high  current  densities  where  electrons  leave 
the  silicon  and  enter  aluainum  has  been  qualitatively  studied.  Two  concurrent 
mechanises  leading  to  the  formation  of  these  etch  pits  are:  (1)  the  dissolution  of 
silicon  pa to  aluminum  to  reach  near  saturation,  and  (2)  the  transport  of  the  dissolved 
silicon  ions  down  the  alxsaima  and  away  froa  the  interface  by  aasBcnti®  exchange  with 
conducting  electrons.  A  microscopic  study  of  aluainia  wires  containing  l-perceat 
silicon  is  presented  showing  gross  structural  changes  when  stressed  at  elevated 
current  densities.  Silicon  is  also  shown  to  be  transported  down  the  wires  in  the 
direction  of  electron  flow.  Equations  relating  tbo  rate  of  penetration  of  slwaintea 
into  silicon  dioxide  to  temperature  ere  presented.  This  reaction  is  shown  to  be  un¬ 
important  as  a  failure  made  at  normal  device  operating  temperatures  of  200?C 
and  below. 


